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Abstract: During laser deposition of Ni-Cr-B-Si-C alloys with high amounts of Cr and B, various microstruc-
tures and phases can be generated from the same chemical composition that results in heterogeneous properties
in the clad layer. In this study, the microstructure and phase constitution of a high-alloy Ni-Cr-B-Si-C coating
deposited by laser cladding were analyzed by a combination of several microscopy characterization techniques
including scanning electron microscopy in secondary and backscatter imaging modes, energy dispersive
spectroscopy ~EDS!, electron backscatter diffraction ~EBSD!, and transmission electron microscopy ~TEM!.T h e
combination of EDS and EBSD allowed unequivocal identification of micron-sized precipitates as polycrystal-
line orthorhombic CrB, single crystal tetragonal Cr5B3, and single crystal hexagonal Cr7C3. In addition, TEM
characterization showed various equilibrium and metastable Ni-B, Ni-Si, and Ni-Si-B eutectic products in the
alloy matrix. The findings of this study can be used to explain the phase formation reactions and to tune the
microstructure of Ni-Cr-B-Si-C coatings to obtain the desired properties.
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INTRODUCTION
The Ni-Cr-B-Si-C alloys are boride and carbide containing
Ni-base hardfacing alloys with excellent wear and corrosion
resistance in chemically-aggressive environments and high-
temperature working conditions ~Ming et al., 1998; Miguel
et al., 2003; Fernández et al., 2005!. These alloys have
traditionally been deposited by thermal spray techniques,
but the laser cladding process is also being increasingly
employed to produce dense and metallurgically-bonded
Ni-Cr-B-Si-C coatings with superior functional properties
~Conde et al., 2002; Planche et al., 2005; Gómez-del Río
et al., 2008!.
Depending on the Cr content and the ratio of Si/B, the
microstructure of Ni-Cr-B-Si-C alloys can contain different
types and amounts of Cr boride and carbide precipitates, Ni
solid solution, and Ni-B-Si binary and ternary eutectics.
The high-alloy grades of this family ~with high Cr and B
contents and low Si/B ratio! develop more complicated
microstructures during solidification with numerous boride
and carbide precipitates and enormous interdendritic Ni-
Si-B eutectics. In contrast, the low-alloy grades develop
much simpler microstructures, mainly consisting of den-
drites of Ni solid solution with limited amounts of interden-
dritic eutectic phases ~Ming et al., 1998; Liyanage et al.,
2010; Hemmati et al., 2011!.
The high-alloy grades of the Ni-Cr-B-Si-C family have
higher hardness and wear resistance than the low-alloy
grades and are more widely used in industrial applications.
The phase transformations and microstructures of high-
alloy Ni-Cr-B-Si-C coatings deposited by laser processing
have been studied by various researchers ~Lim et al., 1998;
Haemers et al., 2000; Kaul et al., 2003; Das et al., 2005;
Kesavan & Kamaraj, 2010!. While the chemical composition
of the clad materials used by these researchers were mostly
identical ~usually Colmonoy 5 or Colmonoy 6 from Wall
Colmonoy Ltd., Swansea, UK or equivalent compositions
from other powder manufacturers! and the clad layers were
deposited with similar laser cladding velocities ~5–15 mm/s!
on steel substrates, the reported microstructures of the clad
layers vary significantly and include a broad range of phases
and morphologies from blocky ~Kaul et al., 2003; Kesavan &
Kamaraj,2010!,butterfly-shaped ~Das et al.,2005!,o rflo r et-
shaped ~Kesavan & Kamaraj, 2010! borides to rod-like ~Das
et al., 2005! or dendritic ~Kaul et al., 2003; Kesavan &
Kamaraj, 2010! carbides and various combinations of these
phases along with Ni-Ni3Bo rN i - N i 3Si eutectics in the
interdendritic regions ~Li et al., 2001; Conde et al., 2002!.
One reason for these different reports on the phase con-
stitution of high-alloy Ni-Cr-B-Si-C coatings is their ten-
dency to develop multiple microstructures from the same
chemical composition.Previous work of the authors showed
that different microstructures and phases may form in one
Ni-Cr-B-Si-Ccladlayerwithgradualorabruptchangesacross
the clad length or depth ~Hemmati et al., 2011!. This means
that depending on the number of tracks in the coating and
the location of microstructural characterization, different
types of phases can be reported for similar compositions.
Another reason for these different accounts of phase
constituents is the inherently complicated microstructure of
Ni-Cr-B-Si-C coatings with various types of borides, car-
bides, and eutectic phases with different length scales and in
some cases limited quantities. This will make the phase
identification of these coatings a nontrivial task.
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Si-C coatings, conventional X-ray diffraction ~XRD! was the
only phase identification tool ~Lim et al., 1998; Gurumoor-
thy et al., 2006; Paul et al., 2006; Sudha et al., 2008; Wang
et al., 2008; Chaliampalias et al., 2009; Serres et al., 2011b!.
In some other works, compositional data such as energy
dispersive spectroscopy ~EDS! results were used to help
interpret the XRD data ~Das et al., 2005; Xu et al., 2006;
Gurumoorthy et al., 2007; Chang et al., 2010!. The problem
with the latter case is that the structural information
provided by XRD represents microscopically large regions
and correlation between the compositional information
obtained by a method such as EDS in a micron scale ~for
example, by elemental mapping of a few boride or carbide
precipitates! with the crystallographic information obtained
by XRD is difficult, especially in a multiphase and inhomo-
geneous system ~Klimek & Pietrzyk, 2004!. But even more
importantly, the identification of unknown phases only
based on conventional XRD will generally produce tentative
results ~Cullity & Stock, 2001; Li et al., 2001!. A complica-
tion in the conventional XRD phase identification is that
the diffraction patterns of different phases may super-
impose and consequently cause uncertainties as to which
diffraction peak belongs to which phase ~or phases!.A l -
though, in principle, a diffraction pattern is “unique,” in
practice there may be considerable similarities between
patterns. This can obscure the identification process partic-
ularly in the case of multiphase specimens. Mixtures of
phases with low symmetry, as in the case of Ni-Cr-B-Si-C
coatings, are usually more difficult to differentiate due to
the larger number of diffraction peaks ~Cullity & Stock,
2001!. For laser deposited coatings, extended solubility,
strong texture and internal stresses in the clad layer make
the conventional XRD phase identification even less reliable
~Li et al., 2001!. Using the high brilliance and resolution of
synchrotron X-ray or refinement and optimization tools
such as the Rietveld technique, many of the above-
mentioned issues may be solved ~Pecharsky & Zavalij,
2009!. In this study, conventional XRD analysis was done to
check its capabilities and limitations for phase identification
of the intended coatings first-hand. The focus of the current
work, however, is on the microstructural characterization
and phase identification using several electron microscopy
techniques.
The use of electron backscatter diffraction ~EBSD! for
identification of unknown phases has increased in recent
years because of its capability of conclusive phase identifica-
tion in selected areas and spatial resolution of less than
1 mm ~El-Dasher & Deal, 2000; Dingley, 2004; Nowell &
Wright, 2004; Wright & Nowell, 2006!. Furthermore, the
possibility of combining EBSD crystallographic informa-
tion with the backscatter electron ~BSE! imaging and EDS
compositional analysis and the relatively easy sample prepa-
ration have made EBSD a powerful tool for phase identifi-
cation in many metallic and nonmetallic systems ~Dingley,
2004; Kral et al., 2004; Laigo et al., 2007; Kim & Kwun, 2008;
Chen & Thomson, 2010!.
The spatial resolution of EBSD is two orders of magni-
tude higher than conventional XRD and two orders of
magnitude lower than transmission electron microscopy
~TEM!, filling the gap between both techniques ~El-Dasher
& Deal, 2000! and perfectly suitable for characterization of
microstructural features in selected area of Ni-Cr-B-Si-C
coatings. To the best of our knowledge, phase identification
of Ni-Cr-B-Si-C coatings by EBSD has not been done so far.
In fact, an accurate account of the phase analysis in the
micron-scale that covers the range between XRD and TEM
has not been published yet. Also, while some TEM results
on Ni-Cr-B-Si-C coatings are reported, they have seldom
been correlated to the results of other techniques such as
scanning electron microscopy ~SEM! images.
The multiple microstructures of the high-alloy Ni-Cr-
B-Si-C laser deposited coatings can have substantially differ-
ent functional properties. For example, the difference of
hardness for these various microstructures can be more
than 200 Vickers ~Hemmati et al., 2011!.S e r r e se ta l .~2011a,
2011b! observed a similar behavior for laser-remelted ther-
mal sprayed Ni-Cr-B-Si-C coatings in which variations in
the microstructure of remelted layers resulted in different
levels of hardness, elastic modulus, and wear resistance. The
implications of microstructural variations for the func-
tional properties of these coatings necessitate a thorough
characterization of the phase constituents to understand
and explain the different solidification paths of these alloys.
The purpose of this article is to identify the phases of the
high-alloy Ni-Cr-B-Si-C laser deposited coatings at various
scales including the micron-sized precipitates using SEM-
based techniques and the submicron structures by TEM
characterization and finally to correlate these findings to
phase identification of microscopically large regions by con-
ventional XRD. The results of this work can be generalized
to all Ni-Cr-B-Si-C deposits. Only the content of some
phases will be less for more dilute alloys. In this way, the
current work aims at providing the most comprehensive
account of the phase identification for Ni-Cr-B-Si-C coat-
ings. The findings of this study can be used to explain the
phase formation reactions during the solidification of Ni-Cr-
B-Si-C alloys as the first step to tune the microstructure of
their deposits for obtaining the desired functional properties.
MATERIALS AND METHODS
Colmonoy 69 powder from Wall Colmonoy Ltd. was se-
lected as the coating material. This material has some of the
highest alloy contents in Ni-Cr-B-Si-C family. Its high con-
tent of Cr and B provides the possibility of having a wide
range of phases upon solidification. The coating material
was deposited on S355 steel rods with 50 mm diameter
using a continuous wave IPG fiber laser with wavelength of
1.07 mm. Chemical compositions of the coating and sub-
strate materials are presented in Table 1. A defocused laser
beam was applied with a laser spot size of around 3.5 mm
on the substrate surface. The powder feeding system con-
sisted of Metco Twin 10C powder feeder ~Sulzer Metco, AG,
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and ALOtec Dresden GmbH ~Kesselsdorf, Germany! Cu-
based side cladding nozzle with the cyclone and 2 mm
nozzle opening. Single layer coatings with a thickness of
0.9–1.1 mm each consisted of five tracks with 33% overlap-
ping were deposited at scanning speed of 5 mm/s with a
laser power of 900 W. Dilution from the substrate calculated
by dividing the surface area of the deposited layer to the
total area of the deposited layer plus remelted substrate
~Toyserkani et al., 2005! evaluated from the transversal
cross-section optical micrographs was around 10%. The
Ni-Cr-B-Si-C coatings are very susceptible to cracking as a
result of their low toughness and a large difference in the
coefficient of thermal expansion between the steel substrate
and the Ni-base coating ~Wang et al., 2008!. Reducing the
cooling rate after deposition is a widely used method to
lower the cracking tendency of these materials.In the present
work, the substrate was preheated to 5008C immediately
before cladding using a tube furnace, and the coated bars
were left in the furnace to cool slowly down to the room
temperature after their cladding.
Samples for SEM analyses and hardness measurements
were cut from the transversal and longitudinal cross sec-
tions and prepared by standard mechanical grinding with
suspensions containing 9, 3, 1, and 0.4 mm diamond parti-
cles and polishing with colloidal Al2O3. The samples were
ultrasonically cleaned in ethanol for 15 min before each
EBSD analysis to remove contaminations or residues from
the final polishing step. To reveal the eutectic structures,
some of the samples were etched with the solution consist-
i n go f7m LH F ,3m LH N O 3,a n d5m LH 2O.
The XRD analyses were done using a Philips PW 1820
machine ~Philips, Guildford, Surrey, UK! with Cu Ka radi-
ation. The samples were scanned over a 2u range from 308
to 1008 with a step size of 0.028 and a step time of 10 s. For
the clad layers, the top surface was ground until the middle
of the clad layer to produce a flat surface suitable for the
XRD experiment. The XRD spectra were analyzed using
Match software.
A Philips XL30 field emission gun SEM equipped with
EDS and EBSD systems was used to perform microstruc-
tural analysis and phase characterization. EBSD data were
obtained by TSL OIM hardware and Data Collection 5
software and analyzed by TSL OIM Analysis 5.31 software
~EDAX, Inc., Mahwah, NJ, USA!. As the carbide and boride
phases usually generate a very good contrast in BSE imaging
mode, BSE was used as the principal imaging mode in the
SEM observations. To optimize the EDS analyses for both
light and heavy elements, an acceleration voltage of 5 kV
was used with K lines of boron, carbon, and silicon and the
L lines of the rest of the elements. EBSD scans were done
separately at an acceleration voltage of 30 kV and appropri-
ate beam current to generate high-quality electron backscat-
ter diffraction patterns ~EBSP!.
Several thin foils for TEM observation were prepared
from the middle of the coatings by conventional mechanical
grinding and polishing with SiC abrasive papers and finish-
ing by ion milling at 4 kV in a PIPS 691 system ~Gatan, Inc.,
Pleasanton, CA, USA!. A JEOL JEM 2010F transmission
electron microscope ~JEOL Ltd., Tokyo, Japan!, operating at
200 kV, equipped with an EDS system ~127 eV resolution,
Bruker Corporation, Billerica, MA, USA!, was used for
selected area electron diffraction analysis and high-resolution
TEM ~HRTEM! observations. The high-resolution images
were recorded around Scherzer defocus, i.e., 43 nm for
the microscope therein used. Fast Fourier transformation
was carried out using a digital micrograph software package
~Gatan, Inc.!. Computer simulations were also performed
for interpreting the HRTEM images. The microscope was
described in the calculations with the experimental param-
eters according to specifications of the microscope. The
main parameters used for simulation were operating voltage
of 200 kV, spherical aberration ~Cs! of 0.5 mm, and defocus
around Scherzer value of 43 nm.
RESULTS AND DISCUSSION
XRD Phase Analysis
Figure 1 shows the X-ray diffraction patterns obtained from
the powder and one of the deposits. It can be observed that
Table 1. Nominal Chemical Composition of Substrate and Clad Materials ~wt%!.
Material Ni Fe Cr Si C B Mn Mo Cu
Colmonoy 69 Bal. 3 16.5 4.8 0.55 3.6 — 3.5 2.1
S355 0.7 Bal. 0.2 0.55 0.12 — 1.65 0.08 0.3
Figure 1. XRD spectra of the Ni-Cr-B-Si-C powder and clad layer.
~The main peak of Ni is cut out to make the weaker peaks more
visible.!
122 I. Hemmati et al.although the diffraction patterns are generally similar, there
are some differences. The peaks of Ni for the clad layer are
slightly shifted to the left, which indicates an increase in the
lattice parameter of Ni solid solution in the clad layer in
comparison to that of the original powder. The lattice
parameter of Ni solid solution in clad layer and starting
powder was calculated to be 3.57 and 3.55 Å, respectively.
This increase can be attributed to dissolution of Fe in Ni as
a result of the dilution during laser processing. The peaks
are small in intensity and close to each other, except for the
peaks of Ni. In the case of the clad layer, the peaks are
broadened that resulted in several peaks overlaps. This
broadening can be related to the distortions of the crystal
structures caused by the rapid cooling during laser process-
ing ~Li et al., 2001!.
The peak overlaps and the fact that in many cases
agreement was obtained for some d values but not for all
corresponding intensities made it difficult and inconclusive
to identify the peaks in the XRD patterns, except for the
peaks for Ni. This is not unexpected as the microstructure
of these deposits consists of a complicated mixture of
phases with low symmetry crystal structures ~e.g., ortho-
rhombic CrB and Ni3B! each in relatively small quantities. If
not combined with complementary techniques, the conven-
tional XRD phase identification of Ni-Cr-B-Si-C coatings is
not conclusive. However, by considering the results ob-
tained from EDS/EBSD and TEM given in detail later on, it
was possible to identify the peaks in XRD spectra as shown
in Figure 1.
SEM Microstructural Analysis
BSE imaging proved to be a very useful tool in microstruc-
tural study of these deposits because of its ability to gener-
ate contrast based on the atomic number, which makes it
very easy to distinguish boride and carbide precipitates.
Multiple changes of microstructure could occur in the clad
layers of the investigated alloy ~Hemmati et al., 2011!.
Figure 2 shows the four dominant microstructures observed
in different tracks of the clad layer. The hardness of micro-
structures shown in Figures 2a–2d were around 500, 700,
850, and 900 HV, respectively, as previously reported and
discussed ~Hemmati et al.,2011!.After a layer of precipitate-
free dendritic structure adjacent the clad-substrate interface
~Fig. 2a!, four major morphologies of phases distributed in
Ni matrix were recognizable in the BSE images: equiaxed
~Fig. 2b!, butterfly- or wing-shaped ~Fig. 2c!, and dendritic-
Figure 2. Different microstructures of the clad layers as observed by BSE: ~a! adjacent to clad-substrate interface and
~b–d! throughout the clad layer.
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Ni-Cr-B, and Cr-B-C phase diagrams ~Baker, 1992; Rogl,
1998; Campbell & Kattner, 2002!, various types of Cr boride
and carbide phases may form in Ni-Cr-B-C system. The
above-mentioned precipitates were later on identified by a
combination of EDS and EBSD.
Apart from the Cr borides and carbides and islands of
Ni solid solution, a number of the Ni-B and Ni-Si eutectics
form at the latest stages of solidification ~Liyanage et al.,
2010!. While Cr borides and carbides could be easily ob-
served on a polished surface, eutectic structures could only
be revealed after etching as shown in Figure 3. The sub-
sequent TEM studies showed that in the microstructure
shown in Figure 3, the rod-shaped phases are Cr7C3 and the
islands are either Ni solid solution or the Ni silicide and
boride phases that form prior to the Ni-Si or Ni-B eutectic
reactions.
EDS/EBSD Phase Identification
The first step in this stage was compositional analysis of the
intended phases by EDS to get qualitative information about
their elemental composition. This information was later
used as a filter to select the candidate phases. In this work,
EDS line scanning was used to identify the elements in
particular phases as an input to the EBSD indexing proce-
dure. Figure 4 shows an example of the line scans in which
the Cr carbide and two boride phases can be clearly distin-
guished during scanning from left to right. In some previ-
ous researches, the two steps of EDS and EBSD were done
simultaneously ~El-Dasher & Deal, 2000; Wright & Nowell,
2006!, but for identification of borides and carbides in
Ni-Cr-B-Si-C deposits, simultaneous EDS and EBSD may
not produce the best possible results because of various
reasons. Apart from the different optimum working dis-
tances for EDS and EBSD, the low acceleration voltages ~in
this work 5 kV! necessary for optimum EDS analysis of
light elements such as B and C will generate a very weak
EBSP, especially from low symmetry compounds with com-
plicated crystal structures studied in this work ~e.g., ortho-
rhombic CrB!. In addition, the spatial resolution of EDS
and EBSD are very different with the former in the range of
micrometer and the latter in the submicron range ~El-
Dasher & Deal, 2000!. Based on the above arguments, to
avoid the mismatch between spatial resolutions and to
obtain the optimum data with the highest accuracy, the
EDS and EBSD analyses were done separately at two differ-
ent acceleration voltages and working distances. In the
current work, EBSP refers to the electron diffraction pattern
that is recorded by the digital camera and used as the input
for the indexing procedure, and EBSD refers to the whole
technique in which EBSPs are obtained and processed.
By knowing the composition of different precipitates, a
list of possible candidates can be gathered. If the structure
file for any of the candidate phases does not exist in the TSL
database ~the standard database of the OIM software!, the
structure file should be created and optimized. This was the
case for Cr borides. For this purpose, the link to the Inter-
national Center for Diffraction Data ~ICDD! database was
used to generate the structure files for each candidate. Later
on, these structure files were optimized by collecting and
indexing several high-resolution patterns from each precip-
Figure 3. Microstructure of the coating after etching ~BSE image!.
Figure 4. ~a! EDS scanning along the red line over the precipitates
and ~b! variations of different elements that allow distinguishing
the carbide and borides.
124 I. Hemmati et al.Figure 5. Representative experimental EBSPs and their indexing by the optimized structure files: ~a, b! CrB,
~c, d! Cr5B3, and ~e, f! Cr7C3.
Figure 6. SEM images ~708 tilted! and the IPF maps of the main types of precipitates: ~a, b! polycrystalline CrB,
~c, d! single crystal Cr5B3, and ~e, f! single crystal Cr7C3 ~minimum boundary misorientation: 58!.
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ual adjustments to obtain fit values of less than 18~ the “fit”
parameter in TSL software, which is the angular error
between the collected and predicted patterns!. The optimi-
zation step is important to account for the differences
between the X-ray and electron diffraction patterns ~El-
Dasher & Deal, 2000!. Before optimization of the structure
files, the EBSD system was carefully calibrated by fine tun-
ing the indexed patterns obtained from Ni. Figure 5 shows
the EBSPs obtained from the boride and carbide precipi-
tates and their indexing by the generated and optimized
structure files. In Figures 5b, 5d, and 5f, the solution errors
for indexing are 0.858, 0.58, and 0.38, respectively. The phase
parameters for Cr5B3 were tetragonal ~D4h!@4/mmm# sym-
Figure 7. ~a! SEM image of a floret-shaped structure ~708 tilted!,
~b! the IPF, and ~c! phase map, both superimposed on the image
quality map.
Figure 8. TEM image showing dendrites of Ni ~A! with interden-
dritic layers of Cr5Si3 ~B! as identified by SAD.
Figure 9. T h ee u t e c t i cs t r u c t u r e so b s e r v e db y~a! SEM and
~b! TEM.
126 I. Hemmati et al.metry point group with lattice parameters of a  0.537 nm
and c1.0188 nm and the following reflectors: ~112!, ~200!,
~202!, ~211!, ~114!, ~213!, ~220!, ~204!, ~310!, ~006!, ~413!,
and ~334!. The entry for CrB consisted of an orthorhombic
~D2h!@mmm# symmetry point group with lattice param-
eters of a  0.2966 nm, b  0.7867 nm, and c  0.2932 nm
and the following reflectors: ~110!, ~021!, ~111!, ~130!, ~131!,
~200!, ~002!, ~060!, ~151!, ~221!, ~132!, and ~170!.
An important issue in the phase identification by EBSD
is the consistency or the reproducibility of the indexing
process for different crystal orientations of a particular
phase. If an entry indexes a phase correctly for some crystal
orientations but not for all of them, i.e., if it does not index
the phase consistently, the reflectors are not optimal and
hence the indexing and identification procedures will not be
reliable.
After optimization of the structure files and checking
the consistency of the indexing process, it was possible to
actually perform scans on precipitates or areas of interest.
To perform an accurate pattern indexing, the criteria for a
minimum number of bands of more than 9 and maximum
solution error of less than 1.58 were applied in all EBSD
scans ~Palizdar et al., 2010!. The following three steps were
applied to clean up the EBSD scan data: ~1! grain confi-
dence index standardization, ~2! removal of data points
with a confidence index of less than 0.05, and ~3! an e i g h b o r
confidence index correlation with a minimum confidence
index of 0.05. Figure 6 presents SEM images along with
inverse pole figure ~IPF! maps of selected precipitates iden-
tified as polycrystalline orthorhombic CrB ~Figs. 6a, 6b!,
single crystal tetragonal Cr5B3 ~Figs. 6c, 6d!, and single
crystal hexagonal Cr7C3.
According to a previous research ~Gurumoorthy et al.,
2007!, based on WDS compositional maps, the floret-
shaped structures are layers of Ni plus Cr borides. But the
actual type of the borides was not recognized. The EBSD
results corroborate that the floret-shaped structures were
mainly layers of Ni and Cr5B3 as shown in Figure 7. As the
layers of Cr5B3 in the floret-shaped structures are around
100 nm, it was necessary to reduce the step size to less than
50 nm during the EBSD scans. The black areas in Figures 7b
and 7c were filtered out because of poor indexing.
TEM Characterization
The Ni-Cr-B-Si-C alloys are designed to contain large
amounts of Ni-B and Ni-Si binary and ternary eutectics to
lower their melting point and facilitate the fusing step
during the thermal spray and fuse deposition ~Li et al.,
2001!. Depending on the B and Si content, different quanti-
ties of fine eutectic structures will form at the latest stages
of solidification ~Liyanage et al., 2010!. The resolution of
the EDS/EBSD combination is not high enough to conclu-
sively identify the eutectic phases, and hence TEM was used
for characterization of the fine eutectic structures. In all
TEM characterizations, a combination of compositional
information obtained by TEM-EDS and the selected area
diffraction ~SAD! patterns were used for phase identification.
Although the main role of Si in the phase constitution
of Ni-Cr-B-Si-C alloys is to generate binary and ternary
eutectics with Ni and B, our TEM results showed that Si
may form compounds with other elements too. The TEM
image of Figure 8 was taken from an area that looked to be
free of the expected eutectic structures. SAD and EDS
analyses showed that while the majority of this area consists
of Ni dendrites ~areas marked as A!, there are interdendritic
layers of Cr5Si3 ~areas marked as B!. Based on the ternary
Ni-Cr-Si phase diagram ~Ceccone et al., 1995! and the
differential thermal analysis measurements on Ni-Cr-B-Si
alloys ~Ajao, 2010!,C r 5Si3 should have formed at a temper-
ature range of 1,125–13008C and before the formation of
Ni-Si eutectic phases.
Eutectic structures could be observed in the SEM im-
ages of the etched samples as shown in Figure 9a with the
same appearance in TEM bright-field images as presented
in Figure 9b. The features in Figure 9b have two different
Figure 10. TEM image of the submicron eutectic structure with A
and B layers identified by SAD as Ni3B and Ni3Si2, respectively.
Figure 11. Islands of Ni3Si separated by layers of Ni3Ba si d e n t i -
fied by SAD.
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micron-sized dendrites. Based on the SAD and the results of
the EDS analyses performed in various locations of the
samples, different Ni-B and Ni-Si phases with micron or
submicron sizes were found. The submicron layered struc-
ture consisted of alternating layers of Ni3B ~dark! and Ni3Si2
~bright! as shown in Figure 10. Ni3Si2 is not a eutectic phase
itself but may form at solid state from the eutectic products
such as NiSi or NiSi2 ~Tokunaga et al., 2001!.
In Figure 11, the diffraction pattern obtained from the
submicron layers observed between islands of Ni3Si was
interpreted as Ni3B with a zone axis of @001#. Figure 12
shows the coexistence of Ni3Si, Ni3B, and Ni2B, the last
containing many stacking faults. The presence of Ni3Bi n
Figure 12. TEM image and SAD patterns of Ni2B, Ni3B, and Ni3Si.
Figure 13. Floret-shaped structure as observed by ~a! BSE and ~b! TEM bright field, and ~c! close-up view of image b
with A, B, C, and D identified as Ni, Cr5B3, CrB, and Ni3B, respectively.
128 I. Hemmati et al.almost all of the TEM analyses shows that the Ni-Ni3Bi st h e
main Ni-B eutectic reaction of this system. The formation
of Ni2B can be attributed to the nonequilibrium solidifica-
tion caused by the rapid cooling during laser cladding ~Li
et al., 2001!. Simultaneous existence of Ni3B and Ni2B
suggests that both Ni-Ni3B stable reaction and Ni-Ni2B
metastable reaction can occur during the laser deposition.
The results up to now prove that the Ni-Cr-B-Si-C
alloys have the potential to form various types of strength-
ening phases. This not only includes different Cr boride
precipitates, but also different eutectic phases formed by the
binary and ternary eutectic reactions of Ni-B, Ni-Si, and
Ni-B-Si. In fact, depending on the ratio between free Si and
B, different solidification paths can be followed ~Kanichi &
Hidaka, 1984!. Free Si and B are fractions of the original Si
and B content, which were not depleted out of the melt
pool through precipitation reactions at higher tempera-
tures. It seems that a combination of inherent complexity of
the eutectic reactions in this alloy system with the possibil-
ity of different precipitation reactions at higher tempera-
tures and nonequilibrium cooling during laser deposition is
the reason for observing a wide range of eutectic products
in the studied coatings.
TEM analyses confirmed and extended the findings of
EBSD on identification of floret-shaped structures and den-
dritic Cr7C3 carbides. Figures 13a and 13b present high
magnification BSE and bright-field TEM images of the
floret-shaped structure. Figure 13c is a close-up of Fig-
ure 13b for identification of the constituent phases by SAD.
The SAD confirmed the findings of EBSD that in floret-
shaped structures, layers of Ni are separated by bands of
Cr5B3. In addition to Cr5B3 layers, CrB ~area C in Fig. 13c!
and Ni3B were also found to exist at the edges of the
floret-shaped structures. Formation of the floret-shaped
structures can be explained by the possibility of having the
following ternary eutectic reactions in the Ni-Cr-B system
as explained by Campbell and Kattner ~2002!:Lr Cr5B3 
Ni3BNi,which is the stable reaction happening at 1,1008C,
and L r CrB  Ni3B  Ni ~FCC!, a metastable reaction
occurring at 1,0808C. It seems that the high cooling rates
during laser deposition allows the metastable reaction to
happen shortly after the stable reaction and consequently
the product of the metastable reaction ~i.e., CrB! forms at
the edges of the stable products ~Ni and Cr5B3!.
Based on the EDS/EBSD results, the carbide phases
were mainly of Cr7C3 type. The carbides were easy to
distinguish because of their dendritic morphology and the
good contrast in BSE images as shown in Figure 14a.
Figure 14b shows the bright-field TEM image of a dendritic
structure identified as Cr7C3 according to the SAD pattern,
which is in line with the results of EBSD phase identification.
CONCLUSIONS
For an accurate phase identification of Ni-Cr-B-Si-C laser
deposited coatings, EBSD and TEM are particularly valu-
able. By combining the compositional data from EDS and
the crystallographic information obtained from EBSD with
a phase database such as ICDD, it was possible to identify
the Cr boride and carbide precipitates in a conclusive way.
In the Ni-Cr-B-Si-C laser deposited coatings, the Cr borides
were polycrystalline orthorhombic CrB and single-crystalline
tetragonal Cr5B3. The main detected carbide was single-
crystalline hexagonal Cr7C3. The floret-shaped structures
were layers of Ni and Cr5B3 with some CrB at the edges of
the layers. These precipitates were usually surrounded by
islands of Ni solid solution.The remaining of the microstruc-
ture were either dendritic Ni solid solution with interden-
dritic Cr5Si3 or binary and ternary products of Ni-B, Ni-Si,
and Ni-Si-B eutectic reactions, including Ni3B, Ni2B, and
Ni3Si. The results of this study show that the potential of
the Ni-Cr-B-Si-C alloy system for various precipitation re-
actions as well as following different terminal solidification
paths in conjunction with the high cooling rates during the
laser deposition may produce a wide range of equilibrium
and metastable phases. These findings can help elucidate
Figure 14. ~a! Dendritic morphology of Cr7C3 ~BSE image! and
~b! TEM image of the dendritic phase identified as Cr7C3 accord-
ing to SAD.
Characterization of Ni-Base Laser Clad Coatings 129the phase formation reactions and tune the functional prop-
erties of Ni-Cr-B-Si-C coatings.
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